
US005875264A 

Ulllted States Patent [19] [11] Patent Number: 5,875,264 
Carlstrom [45] Date of Patent: Feb. 23, 1999 

[54] PIXEL HASHING IMAGE RECOGNITION 4,560,974 12/1985 Coleman et al. .................. .. 340/1462 
SYSTEM 4,630,225 12/1986 Hisano . . . . . . . . . . . . . . . . . . .. 364/559 

4,654,873 3/1987 Fujisawa et al. 382/9 
[75] Inventor: David L. Carlstrom, Fayetteville, NY. 476807802 7/1987 NiShi‘IaFt 91; 382/8 

4,704,694 11/1987 CZern1e]eWsk1 ....................... .. 364/513 
- _ - - 4,760,604 7/1988 Cooper et al. .......................... .. 382/15 

[73] Asslgnee' léalmag sglellces ccorlporatlon’ 4,776,020 10/1988 Kosaka et al. .. 382/1 
O 0”‘ O Pnngs, O 0- 4,802,232 1/1989 Juvin e161. 382/21 

4,845,765 7/1989 Juvin et al. . 382/21 
[21] Appl. No.: 722,390 4,876,731 10/1989 Loris et al. 382/40 

_ 4,958,375 9/1990 Reilly e161. 382/14 
[22] Flledi Sep. 30, 1996 4,977,603 12/1990 Irie et al. ...... .. 382/34 

5,054,093 10/1991 Cooper et al. 382/14 
Related US, Application Data 5,063,605 11/1991 Samad .......... .. 382/44 

5,173,948 12/1992 Blackham et al 382/44 
[63] Continuation of Ser. No. 187,828, Jan. 27, 1994, abandoned, 5,276,741 1/1994 Aragon ~~~~~~~~~ ~~ 382/40 

and a continuation of Ser. No. 163,814, Dec. 3, 1993, 5,392,363 2/1995 Fujisaki et a1- - -- 382/13 

abandmid' OTHER PUBLICATIONS 
[51] Int. Cl. .. ............. .. G06K 9/00 . . . 

_ The Turing Omnibus, by AK. DeWdney, Computer Science 
[52] US. Cl. ................ .. 382/181, 382/276 Press, 1989' 
[58] Field of Search ................................... .. 382/100, 181, _ _ 

382/276, 277, 278, 218; 345/192, 193, Primary man/WW4?“ 1 @1150 _ _ 
517 Attorney, Agent, or Ftrm—McCorm1ck, Paulding & Huber 

[57] ABSTRACT 
[56] References Cited _ _ _ 

A character recognition system employs a “hashing” tech 
U_S_ PATENT DOCUMENTS nique of imaged pixels Wherein a digital image constituting 

an array of pixels is divided into a series of sub-arrays. The 
3,260,995 7/1966 Hempel .............................. .. 340/146.3 Subway digital Signal patterns themselves correspond 

' ' ' ' ' ' ' ' ' " directly to addresses in associated system memories. Each 

3’873’972 3/1975 Levinge’ ' ' " " 340/1463 memory address indicates a predetermined set of the pos 
4’014’000 3/1977 Uno ct """" ' 340/1463 sible characters. There is an apparatus for combining the list 
4:075j605 2/1978 Hilley et a1_ 340/1463 of possible characters so that signals corresponding to only 
4,218,673 8/1980 Yoshida .............. .. . 340/1463 One Character are output. 

4,490,847 12/1984 Aleksander et al. . .. 382/10 

4,513,440 4/1985 Delman ................................... .. 382/30 58 Claims, 11 Drawing Sheets 

220 \ 

CONTROLLER 222 
II TRAINING 

CIRCUIT 

208 216\ I 
206 MEMORY 

\ v 

204\ ‘ 
p|XE|_ To w PRE-PROCESSOR : ADDRESS : COMBINING 

INPUT CIRCUITRY MAPPING { CIRCUITRY 
M CIRCUITRY I 

MEMORY 
202 

CAMERA 218/ 
21 9 \ " 

OUTPUT 
203 CIRCUITRY‘“ 

201 

I 



U.S. Patent Feb. 23, 1999 Sheet 1 0f 11 5,875,264 

10\ 

14 

FIG. 1 

16\ 18\| 20\l 22w 
//, 
7/ 
//, 
/// 
/% 
7/ 
/A 
/// /// /// ’// 

30 
; MEMORY 4-’ 

28 
> MEMORY 3/ 

_ 36 
V MEMORY 2 24 

= MEMORY 1 J 

FIG. 2 



U.S. Patent Feb. 23, 1999 Sheet 2 0f 11 5,875,264 

ADDRESS FFIOM \ 
4TH PIXEL COL ABCDEFGHIJKLMNQPQRSTUVWXYZ I ‘ MEANING OR 

SIGNIFICANCE OF BIT POSITIONS 
. 

. (512 woRDS) 
- 000000000001 0000000001 10000 R 00000001 00000000000100000000110000 —» REPRESENTS SET W CONTNMNG; 

\ L U V 

34 

28\ ADDRESS FROM 

BED PIXEL COL ABCDEFGHIJKLMNOPQRSTUVWXYZ 

O 

. (512 WORDS) 

. 00000000000100000000001000 

00000000000100000000001000 REPRESENTS SET X CONTAINING: 
L W 

00000001 

I 
34 

KF-R 
26\ ADDRESS FRoIvI 

2ND PIXEL COL ABCDEFGHIJKLMNOPQRSTUVWXYZ 

O 

. (512 WORDS) FR 0 00000000010100000000100000 

00000001 00000000010100000000100000 REPRESENTS SET Y CONTAINING: 

\ J L U 

34 

24\ ADDRESS FRoIvI 
1ST PIXEL COL ABCDEFGHIJKLMNOPQRSTUVWXYZ 

01011101001111010100000000 
O 

. (s12woRDS) 
01011101001111010100000000 
REPRESENTS SET Z CONTAINING: 
B D E F H K L M N P F1 

11111111 

I 
32 

FIG. 3 





U.S. Patent Feb. 23, 1999 Sheet 4 0f 11 5,875,264 

[S m (D N (O O) 

74 

Left Center Right<\ 
A . \ ' 8O 

Vertrcal\ 
Stroke 78 

Registers 
FIG. 8 

102 

1 04 
/ 
,106 

I 
l 
I 
| /108 

I§~11O | 
I 

It | 

I I I 

t't't't I I I 
Horizontal I I I 

Stroke Center iliéli 
Registers />_ I I I —112 

l | | ~114 

Mi ' ' ' \118 
122/ 



U.S. Patent Feb. 23, 1999 Sheet 5 0f 11 5,875,264 

128 
136 134 

876543210 150 

4 5 1/ 

166 

170 

/ 

vvvvv "V111! 
876543210 

FIG. 11 



U.S. Patent Feb. 23, 1999 Sheet 6 0f 11 5,875,264 

172 

FIG. 13 

FIG. 14 

178 

198 



U.S. Patent Feb. 23, 1999 Sheet 7 0f 11 5,875,264 



U.S. Patent Feb. 23, 1999 Sheet 8 0f 11 5,875,264 

(Q 
228 —\ J 

,- 224 

/- 224 





U.S. Patent Feb. 23, 1999 Sheet 10 0f 11 5,875,264 

0 6 2 

w 2 

4 2 

2 Ill 8 

0 El 6 UAJJ 2/ 

27,4 
/ /A 

3 

(272 





5,875,264 
1 

PIXEL HASHING IMAGE RECOGNITION 
SYSTEM 

This is a continuation of application Ser. No. 08/187,828 
?led on Jan. 27, 1994, noW abandoned, Attorney Docket No. 
S27-790-1 and Ser. No. 08/163,814 ?led on Dec. 3, 1993, 
noW abandoned. Attorney Docket No. S27-790. 

TECHNICAL FIELD 

This invention relates to character or image recognition 
systems generally, and more particularly to character rec 
ognition systems that employ hashing algorithms. 

BACKGROUND OF THE INVENTION 

Character recognition systems are Well knoWn in the art 
and are characteriZed by an apparatus Which decodes 
received optical signals corresponding to characters or geo 
metric ?gures into electrical signals Which can be manipu 
lated in Word processors or the like. 

An example of knoWn systems is set forth in US. Pat. No. 
3,873,972. Disclosed therein is a character recognition sys 
tem Which employs analytic techniques to develop a set of 
codes representative of the geometry of a character by 
means of a tWo-dimensional matrix of digital video pixel 
elements. Codes are used to identify types of segments and 
groups of segments in each roW or column of the matrix, 
sequences of such segments and the durations and orienta 
tions of sequences. The ’972 system further includes an 
apparatus that operates in a learn mode to relate the codes to 
knoWn characters and a process mode to recogniZe unknoWn 
characters from previously learned codes. 

Another example of a knoWn character recognition tech 
nique is disclosed and claimed in US. Pat. No. 3,840,856. 
The ’856 method identi?es a presented character after 
optical scanning of a substrate to yield an array of voltages 
representative of the information content of incremental 
elements that collectively form the presented character. The 
array of voltages are quantiZed at plural quantiZation levels 
Whereby a corresponding plurality of data ?eld geometric 
con?gurations are developed. The data ?eld geometric con 
?gurations are presented by binary signals and are in 
approximate conformity With the geometric pattern of the 
presented character. Each data ?eld geometric con?guration 
represents a normaliZed scan pattern, thereby compensating 
for non-uniformities in the presented character. The infor 
mation content of discreet areas of the plural data ?eld the 
geometric con?gurations is compared in sequential matter 
With predetermined characters and the compared discreet 
area is characteriZed as one of the predetermined characters 
in response to a favorable comparison. The presented char 
acter is identi?ed as a knoWn type When a sequence of 
characteriZations is obtained in a preestablished order asso 
ciated With that knoWn type. 

Prior art systems as exempli?ed by those set forth above 
are characteriZed by a method and apparatus Which attempts 
to identify the speci?c character, element or geometric ?gure 
that has been received. In that regard they seek to determine 
character or geometric features such as edge transitions, and 
assemble therefrom a sequence of segments each having a 
geometric relationship to other segments. Initially, knoWn 
systems must be taught through a training algorithm What 
each sequence of segments and/or curves correspond to 
Which characters or geometric ?gures. Consequently knoWn 
prior art systems require an intermediate step of recognition 
achieved by an analysis of code segments edge transitions, 
etc. 
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2 
It Would advantageous to have a character recognition 

system Which Would directly correlate a received pixel 
pattern With a character or geometric ?gure Without an 
intermediate step of analyZing component or segment parts. 
The present system is draWn toWard such an invention. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
recognition system Which directly correlates a received pixel 
pattern With a speci?c character or geometric shape. 

It is another object of the present invention to provide a 
system of the foregoing type Which employs a pixel pattern 
as a memory address, thereby enabling the use of hash based 
retrieval routines for recognition purposes, i.e. “pixel hash 
ing”. 

It is another object of the present invention to provide for 
a system of the foregoing type Wherein scanned signals 
corresponding to individual pixels are con?gured in a pixel 
array Which is thereafter divided into a series of sub-arrays, 
each of Whose pixel patterns directly corresponds to a 
unique address in respective memory portions (i.e., sub 
memories). 

It is an object of the present invention to provide a system 
of the foregoing type Wherein the address from each pixel 
sub-array interrogates its respective memory to provide a set 
of possible characters or geometric shapes Which, When the 
sets are combined, indicate a single character or geometric 
shape as a solution. 

It is a further object of the present invention to provide a 
system of the foregoing type Which processes signals indica 
tive of a single overall target pattern previously imaged at 
select distances from a reference to provide signals indica 
tive of the target’s present distance. 

Still another object of the present invention is to provide 
a system of the foregoing type Which processes images of an 
object at select rotational or translational positions as com 
pared to an origin to provide signals indicative of the 
object’s present position and orientation. 

According to the present invention, a system for pattern 
recognition includes an apparatus for receiving a sequence 
of signals con?gured in a signal array, including signals 
denoting an overall pattern. There is an apparatus for con 
?guring the signal sequence into a plurality of signal sub 
arrays, With each of the signal sub-arrays having a digital 
pattern corresponding to a portion of the overall pattern. A 
hashing mechanism is provided for mapping each of the 
signal sub-array digital patterns to an associated memory 
portion (sub-memory) having, at memory addresses therein, 
sets of stored signals corresponding to the possible overall 
patterns. There is also an apparatus for combining the 
several sets of possible overall pattern signals and generat 
ing therefrom a single set of signals indicative of the overall 
pattern. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simpli?ed diagrammatic illustration of a pixel 
array containing a character processed by an image recog 
nition system provided according to the present invention. 

FIG. 2 is a more detailed illustration shoWing a portion of 
the pixel array of FIG. 1. 

FIG. 3 is a diagrammatic representation of selected 
memories and addresses contained therein used by the 
system of FIG. 1. 

FIG. 4 is a diagrammatic illustration of the intersection of 
the characters indicated by the individual memory addresses 
shoWn in FIG. 3. 
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FIG. 5 is a simpli?ed schematic illustration of a pixel 
array processed by a system provided according to the 
present invention in Which a character is rotated. 

FIG. 6 is a simpli?ed illustration of a pixel array pro 
cessed by a system provided according to the present 
invention in Which the character is co-extensive With a 
plurality of adjacent sub-arrays. 

FIG. 7 is a more detailed illustration of a portion of the 
pixel array of FIG. 6. 

FIG. 8 is a simpli?ed diagrammatic illustration of a pixel 
array processed by the present invention Wherein adjacent 
sub-arrays are grouped into a single pixel or “bit” array. 

FIG. 9 is a simpli?ed diagrammatic illustration of a pixel 
array processed by a system provided according to the 
present invention in Which the adjacent grouped sub-arrays 
are horiZontal. 

FIG. 10 is a pixel array of the type shoWn With respect to 
FIGS. 8 and 9 in Which the adjacent grouped sub-arrays 
extend diagonally. 

FIG. 11 is a simpli?ed illustration of a pixel array of the 
type shoWn in FIGS. 8, 9 and 10 in an alternative diagonal 
grouping. 

FIG. 12 is a simpli?ed diagrammatic illustration of a pixel 
sub-array in Which the sub-array pixels are arbitrarily 
selected from the overall pixel array. 

FIG. 13 is a diagrammatic illustration of a target placed on 
an object as vieWed by an alignment system provided by the 
present invention. 

FIG. 14 is a ?rst vieW of the target of FIG. 13 Wherein the 
alignment system is rotationally misaligned about a ?rst 
axis. 

FIG. 15 is a simpli?ed schematic illustration of the target 
of FIG. 13 Wherein the alignment system is rotationally 
misaligned about a second axis. 

FIG. 16 is a simpli?ed diagrammatic illustration of the 
target of FIG. 13 shoWing roll, pitch and yaW axes of 
rotation. 

FIG. 17 is a simpli?ed schematic illustration shoWing a 
target at several distances from a range ?nder system pro 
vided according to the present invention. 

FIG. 18 is a simpli?ed schematic illustration of an image 
recognition system provided according to the present inven 
tion. 

FIG. 19 is a diagrammatic illustration of a scene having 
tWo objects as vieWed by a camera used in an alternative 
embodiment of the present invention. 

FIG. 20 is a diagrammatic illustration of the scene of FIG. 
19 in Which one object is rotated. 

FIG. 21 is a diagrammatic illustration of the scene of FIG. 
19 in Which one object partially blocks the other from the 
camera’s vieW. 

FIG. 22 is a simpli?ed schematic illustration of a memory 
used With combination or “fusion” of training data in an 
image recognition system provided according to the present 
invention. 

FIG. 23 is a simpli?ed schematic illustration of a pixel 
array used With a centroid recognition system provided 
according to the present invention. 

FIG. 24 is a simpli?ed schematic illustration of an optical 
image and pixel sampling WindoW used With a median signal 
?ltering system provided according to the present invention. 

FIG. 25 is a simpli?ed schematic illustration of a portion 
of the optical image and pixel sampling WindoW of FIG. 24 
shoWing noise pixels. 
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4 
FIG. 26 is a simpli?ed schematic illustration of a circuit 

used With an image recognition system provided according 
to the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring noW to FIG. 1 there is illustrated in simpli?ed 
schematic form an array 10 of pixels 12. Generally, the array 
is of an arbitrary N x M siZe, With the illustrated example 
shoWn being 8x8 in magnitude. The pixels are binary in 
state, With a “1” corresponding to a black pixel and a “0” 
corresponding to a White or clear pixel in the Figure, 
although the reverse is an alternative con?guration. The 
binary representations are generated in a knoWn Way, for 
example by using a digital (CCD) camera or by a conven 
tional scanner. Alternatively, non-digital data from, for 
example, an acoustical image can be processed by employ 
ing additional, knoWn signal processing hardWare. The 
pixels for the entire array corresponds to an image 14 of an 
upper case letter “L” in a standard font. 

When presented With a similarly con?gured array of 
pixels, knoWn character recognition systems seek to identify 
the constituent parts of the character as features by, for 
example, identifying edge segments by respective light to 
dark transitions. Thereafter, the structural relationships 
among these feature segments are analyZed to identify the 
best match With prestored character or geometric shape or 
?gure models. TWo important aspects of the present inven 
tion as compared to the prior art are that the present 
invention simply skips the intermediate steps of identifying 
feature segments and feature to model analysis. Instead, the 
present invention relies on a “hashing” technique in Which 
the individual pixels correspond to addresses in memory. 
Information identifying the character is located at that 
address. A simpli?ed vieW of an image recognition system 
provided by the present invention is described hereinafter 
With respect to FIG. 18. 

Traditional hashing concepts are best understood in the 
context of database searching and sorting processes as they 
are intimately related. Searching and sorting are normally 
paired processes in that the only reason for sorting a set is 
to simplify a later attempt to search for one or more of its 
elements. Since elements usually have many features, one of 
these features must be selected as the basis for the sort. The 
selected feature, knoWn as the “key”, should be the one most 
likely to be of interest in a later search. For example, in a 
telephone directory, the “key” is the last name or family 
name. Secondary and higher order “keys” are also used. This 
simply means that all entries With the same primary “key” 
are further sorted With the secondary “key”. In the telephone 
book example, the ?rst name is usually a secondary “key” 
and the middle initial is a tertiary “key”. 

If a list of items is sorted, the most poWerful search 
technique is to check the middle of the list for the desired 
item. If it is not the correct item, its value can be used to 
throW aWay half of the list, ie the value of its “key” can be 
compared With the desired value to determine if the desired 
value is above or beloW it in the list. The process then is 
repeated by taking the middle of the remainder of the list. 
Since the process splits the remainder of the list in half With 
each test, it is knoWn as binary search. The item Will either 
be found or shoWn not to be in the list, in log (base 2) of N 
steps, Where N is the number of items in the list. The 
computational complexity of binary search is of order ln2 N. 

If a list has not been sorted, it must be assumed to be in 
random order and the search technique must check every 
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item in a linear scan of the list With complexity on the order 
of N (i.e., O(N)). The difference betWeen N and In N can be 
realized by comparing the length of a number to its maxi 
mum magnitude for that length. The length is alWays the log 
(base b) of the maximum amplitude Where the b is the base 
of the number system, ie decimal is base 10, binary is base 
2, etc. If a list had 1 million items, a linear search Would 
require 1 million steps, but a binary search Would only 
require 20 steps. 
Aproblem occurs With this sort and search strategy if the 

list is quite dynamic, meaning that items are added to and 
removed from the list With such frequency that the list must 
constantly be resorted. In this situation, “hashing” tech 
niques provide poWerful and often necessary alternatives to 
sorting and searching algorithms. HoWever, even a static list 
requiring no periodic resorting can use hashing to improve 
upon the optimal binary search (logarithmic) complexity. In 
the ideal case, “hashing” can retrieve the correct ansWer in 
1 step, or O(1), independent of the list length N. 

“Hashing” requires that the memory location or address 
Where an item is stored can be computed exactly as a 
function of the “key”. As a simple example, consider a list 
of ?nishers in a race. If their names are stored in an array 

such that the array subscript or cell location corresponds to 
their ?nishing position in the race, then in 1 step the person 
Who ?nished in any given position can be retrieved. If the 
identity of the runner Who ?nished 5th is desired, the 5th 
location in the array is readout. 

If this structure is inverted so that the name is used as the 
“key” rather than their ?nishing position, the problem 
becomes someWhat more dif?cult. An address or subscript 
can be computed by assigning a number to each letter of the 
alphabet (A is 1, B is 2, C is 3, . . . , Z is 26) and then 
converting each name to a number. This is essentially a base 
26 number system; if 10 letters are alloWed for each name 
then 2610 addresses are required in the array. Each of these 
array locations Would contain the ?nishing position in the 
race and therefore given a name the ?nishing position could 
be retrieved in 1 step. Unfortunately, 26 to the 10th poWer 
is an intractable number, ie approximately 142 trillion. 

In spite of this dif?culty, “hashing” is still Widely used. 
Although in theory 142 trillion addresses are needed, in fact 
there may be only 100 names in the list The idea is to ?nd 
some mapping that Will produce a more compressed set of 
addresses from the possible values of the “key”. This 
mapping is done by “hashing functions”. Techniques have 
been developed to provide effective “hash functions”. The 
disadvantage of knoWn systems is that successful address 
space compression is only achieved With an increasing risk 
of collisions. Collisions occur When tWo different “keys” 
map to the same address. While several techniques exist for 
coping With collisions, they typically involve a pointer from 
the hashed address location to a separate linear list of all the 
items that collided. Collision resolution algorithms are set 
forth in “data structure techniques” by Thomas A. Standish 
published by the Addison Wesley publishing company at 
chapter 4, in general, and section 4.3 in particular. 
An important point of departure of the present invention 

over the prior art alloWs a pixel pattern to be considered as 
a number Which can be directly used as a “hash” address. 
Any property that can correctly be associated With that 
unique pattern can then be stored in the array location 
pointed to by that address. As detailed hereinbeloW, the set 
of properties that can be correlated With the pattern in this 
manner is quite large and varied. In fact, any property that 
can be de?ned as a function of the pixel pattern can be 
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6 
represented, including properties linked through “compos 
ite” function constructs. As used herein, composite functions 
are those in Which the dependent variable in one function 
constitutes the independent variable in another. For example, 
a composite function can be used to replace a property such 
as the “area” of a balloon in?ated to various levels With a 
neW property, its internal pressure. 

Those skilled in the art Will note that the array of pixels 
shoWn in FIG. 1 corresponds to an ordered table or list of the 
type set forth above that can be mapped to a linear array of 
binary values thus forming a binary number. There are N><M 
factorial Ways to provide this mapping if each pixel is 
mapped once and only once Without overlap. The binary 
number then becomes the “key” to a recognition table, just 
as the last name is the “key” used in a telephone book. There 
are several knoWn techniques for searching an ordered table, 
the simplest being a binary search detailed above. With the 
alternative “hashing” technique, individual addresses corre 
spond directly and uniquely to the key to the desired 
information. Hashing alloWs a searcher to directly examine 
the table location de?ned by the key Without examining 
irrelevant entries, entirely avoiding the trial and error pro 
cess. 

The obvious draWback With knoWn hashing routines is 
that the number of hash generated memory addresses or keys 
needed for speci?c applications can be so large as to limit 
real World applications. “Keying” on social security num 
bers is an example, since it mandates an enormous number 
of addresses, one billion addresses. Hashing functions are 
used to achieve signi?cant compression since the database 
normally contains only 100 to 1000 names. The problem 
With hashing as described above is more onerous for char 
acter or image recognition applications since the camera 
image corresponds to a separate n by m array of pixels 
Whose corresponding digital signature (n by m array of bits) 
Would be an address in a table having 2” "m entries. Even for 
an array of dimension 8 by 8 such as shoWn in FIG. 1, the 
number of entries is 18 billion billion. 

Image recognition can be modeled as a function. Each 
possible bit pattern in a WindoW of interest becomes a unique 
value of the input variable to the function Which must then 
return the correct output. This can be seen more easily if the 
pixel array, overlaid on the character, is mapped into a linear 
array. For the example of FIG. 1, an 8x8 character WindoW 
can map to a linear array by scanning the WindoW from 
left-to right and top-to-bottom to produce a 64 bit number 
With 264 possible values. Since functions can be imple 
mented With tables, the problem can be solved by entering 
during a training mode the correct response in the table for 
each possible binary number. 

Such a table can in theory be implemented on a computer 
by building a hash table Where each of the 264 possible 
values is actually a separate memory address Which has 
stored in it the “correct” response, such as the ASCII code 
for the letter “L”. Since more than one Way exists to Write 
the letter “L”, this response Would be located at multiple 
locations in memory, thus capturing the stylistic variations 
on the letter “L”. A function table or look-up table can be 
shoWn to be equivalent to anything that can be achieved With 
neural nets When neural nets are restricted to binary inputs. 
If one takes a “black-box” vieW of function implementation, 
What is inside the “box” does not matter as long as it 
provides the correct function mapping. 

For an 8x8 array as illustrated in FIG. 1, the given 
con?guration of pixels form an L of a selected font and 
correspond to a unique memory address. HoWever, the 
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number of possible addresses is 28x8, or 264, a number so 
large as to render implementation of this hashing technique 
impracticable, if not impossible. This conclusion Was 
reached by Texas Instruments as seen by Way of reference to 
the disclosure in US. Pat. No. 3,810,162 and by Levin in the 
’972 patent referenced above. 
The present invention solves this tractability problem by 

dividing the array into a series of eight sub-arrays, of Which 
four left-most sub-arrays 16—22 are shoWn in FIG. 2. Each 
sub-array then has a vastly smaller number of addresses to 
Which the 1 by M bit array Will point In the example of FIG. 
1, each array is 1><8 bits in siZe so that there are 28 possible 
unique addresses. The number of addresses is smaller (256) 
and can easily be manipulated by even the least poWerful of 
computers. 

In general, the number of memory addresses required is K 
* (2”)1/k Where n is the number bits in the total N><M pixel 
array or “Window” and K is the decomposition factor. 
Address compression is achieved by the decomposition 
factor K even though it appears as a multiplier in the 
calculation because the division by K in the exponent is 
actually the k”1 root of the original 18 billion billion address 
requirement. With K=8, the 8th root of 18 billion billion is 
256 Which is then multiplied by K to yield 2048 addresses. 
The number of bits per sub-array is n/K The value of K can 
be any value that produces the optimal memory hardWare 
trade-off. Having solved the address tractability problem, the 
present system must recombine the sub-memories to cor 
rectly model the recognition function. With the present 
system, each memory address Will not necessarily corre 
spond to a unique character or ?gure, but Will most probably 
return a set of several characters or geometric shapes or 
?gures, i.e., a hypothesis set. 
As shoWn in FIG. 2, each sub-array 16—22 has an asso 

ciated memory 24—30 Which generally comprises a portion 
of a larger memory unit. Within these portions or sub 
memories, each bit sequence address corresponds either to 
the correct character or to a set Which contains the correct 

character 31 (i.e., hypothesis set) for each memory as 
illustrated in FIG. 3. In FIG. 2, sub-array 16 is “1” for each 
bit. The corresponding memory 24 selects the address 32 
value, of 256, in Which are stored a bit set that corresponds 
to the set of Z possible characters. Those skilled in the art 
Will note that many letters (12 or more for certain fonts) have 
a leading vertical stroke, generating dark pixels When 
scanned, and Which thereafter are recorded as eight “1” 
signals in the eight bits of the sub-array 16. Similarly, 
memories 26—30 have equivalent addresses 34, With a value 
of 1, Which respectively map to the character sets W, X and 
Y. Each memory returns its full set of possible characters to 
the combining circuitry 216, FIG. 18. This analysis is the 
same for the remaining sub-arrays of the array 10 and their 
respective memories. 

The signals indicative of possible characters are combined 
in a set intersection operation (i.e., the Words are bit-Wise 
logically AND’d) by the combining circuitry 216 to yield a 
single character or possible characters, depending on the 
circumstances. In other Words, each memory “votes” for the 
possible set of characters identi?ed by that address and the 
combining circuitry 216 declares the “Winner” to be the 
characters With unanimous “votes”. The operation is shoWn 
conceptually in FIG. 4. Set forth therein is a Venn diagram 
36 comprised of geometric representations of the hypothesis 
sets of possible letters returned by the indicated addresses in 
the memories 24—30. Sets 38—44 respectively correspond to 
the possible letters indicated by the memories. The inter 
section set 46 comprises the single letter “L”. 
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Accordingly, the present invention has overcome a major 

limitation of the prior art and provides a system of character 
or image recognition by direct hashing of pixels. It Will be 
understood by those skilled in the art that the present 
invention differs signi?cantly from those hashing techniques 
noW knoWn. It has been standard practice in the art to 
assume, a priori, that a hashing solution such as provided by 
the present invention Was not feasible. Consequently, hash 
ing in a restricted form has been incorporated in some prior 
art systems. These knoWn systems hash either from pixels to 
features or from features to recognition, but not both and 
characteristically rely on a subset of available keys. British 
Pat. 3,601,803 and US. Pat. No. 3,810,162, for example, 
hash pixels to features, While the ’972 system hashes fea 
tures to recognition ansWers. By only hashing a portion of 
the total recognition function, the prior art avoids the com 
binatorial explosion associated With 264 addresses. 
HoWever, in doing so they must forego the speed and 
simplicity afforded by the total pixel to recognition tech 
nique provided by the present system. See also Object 
Recognition by Computer, by W. Eric L. Grimson, The MIT 
Press, 1990, Chapters 1—2 and Robot Wsion, by Berthold 
Horn, K. P., The MIT Press, 1986. 

Operation of the present system presumes the memory 
locations contain the correct information; i.e. that the system 
has been properly “trained”. The memories are loaded With 
the correct information during a training cycle. As each 
unique pattern of interest is placed in front of the sensor, all 
of the memories are loaded at the corresponding addresses 
With the correct response(s) for that pattern. For example, if 
after initialiZation, the system had previously been trained 
With “B” and “H”, then memory 24 Would generate a 
hypothesis set With those characters for the example of FIG. 
1. The character “L” must be added to this set Without 
deleting either “B” or “H”. In the preferred embodiment, this 
is accomplished With the set union operator to preserve prior 
training information that may be stored at the same address, 
i.e. the neW response Word is, bit-Wise logically “OR’d” With 
prior responses that Were already trained into the same 
address location. 

Referring again to FIG. 3, the memories contain Words 
Whose Width in bits corresponds to the set “universe” of all 
possible responses. In FIGS. 1—4, there are 26 letters so the 
Word in memories 24—30 are 26 bits Wide. For other appli 
cations Where additional information is desired, such as 
letters and numbers, rotated letters, etc., the Word Width 
Would be increased. 

Note also that the present invention also encompasses 
embodiments in Which the training operation can be con 
tinued during recognition operation. Should the system 
encounter an unknoWn overall pattern, that is the intersec 
tion set of pattern responses is empty, the present system Will 
store the neW desired response in the associated memories at 
address. values corresponding to the neW pattern portions. 
Thereafter, When presented With that pattern, the system Will 
generate output signals indicating recognition. 

Referring noW to FIG. 5, there is shoWn in simpli?ed 
schematic form a pixel array 48 of the type described herein 
above. The pixel array 48 contains signals corresponding to 
the letter “L” 50 as shoWn With respect to the earlier Figures, 
but With the letter rotated about an origin 52. Prior art 
systems use extensive computations in an attempt to deter 
mine the amount of rotation as Well as the point about Which 
the letter is rotated. HoWever, a system provided according 
to the present invention is easily capable of in generating a 
series of addresses Which directly correspond to the letter 
rotated incremental amounts (e.g., 10 degree intervals). If 10 
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degree increments are employed the hypothesis set contains 
the numbers 1—36 rather than the letters A—Z as With the 
example of FIG. 3. An additional feature of this invention is 
to represent the rotation angle as a binary set; instead of the 
set of the “1” to “36” the set of {b5, b4, b3, b2, b1, b0} can 
be used. The rotation increment “1” to “36” is noW con 
verted to binary before being loaded into the memories. Both 
techniques are embodied in this invention since the 1st 
technique supports collisions, i.e. multiple responses and the 
2nd binary method does not. HoWever, the 2nd method is 
more memory ef?cient, i.e. it uses 1n (base 2) of the memory 
Word length of the 1st technique. 
An additional technique of this invention is to include 

“truncation” or “round off” during training so that a response 
is alWays guaranteed. For example, if a system only requires 
a response accuracy of 10° increments and the input ?gure 
is at 9° the response Will be null. HoWever, if during training, 
all possible cases, doWn to the rotation resolution limit of the 
pixel density, are presented to the camera a response can be 
guaranteed for every possible case. Since 9° can not be 
stored in the sub-memory hypothesis set it must either be 
truncated to 0° or rounded to 10°. Both techniques are 
embodied to support applications as appropriate, eg for 
continuously moving dock hands resolved to 30° 
increments, the hour hand must be truncated to the last of 12 
hours, but the minute hand must be rounded to the nearest 
5 minute increment. This many-to-one mapping of all pos 
sible inputs to a small set of outputs is a poWerful feature of 
the present invention Whether considering a multiplicity of 
angular cases or a multiplicity of character styles. 

Similarly, the present system can be readily con?gured to 
contain memories With addresses Which point to characters 
Which are linearly displaced With respect to an initial origin, 
rotated as above but With respect to several origins such as 
points 54, 56. Displacement distances can also be binariZed 
for memory compression Where the application permits. 
Equivalently, the present system can be con?gured to con 
tain memories With addresses Which point to character 
images Which are defective; that is, characters With nicks or 
line breaks, or Which may touch an adjacent character. Other 
variations and combinations of the above can be easily 
incorporated With the present invention. 

If the letter “L” is rotated through 360 degrees about its 
centroid, each of these positions can actually be thought of 
as a different letter. In fact, the letter “L” in some fonts can 
be thought of a “7” rotated through 180 degrees. Therefore, 
during training the letter “L” is rotated in 10 degree incre 
ments. At each position, the angular rotation is stored in all 
the sub-arrays for the corresponding pixel pattern. When the 
same pattern is vieWed in a recognition mode, the correct 
angular label Will be returned. The rotation angles actually 
become naming labels and the correct response is generated 
by the standard object recognition function mapping. 

FIG. 6 is a simpli?ed schematic illustration of a pixel 
array of the foregoing type in Which a character 60 overlaps 
adjacent sub-arrays 62, 64. FIG. 7 is a more detailed 
illustration shoWing a portion of the pixel array 58 of FIG. 
6. A ?rst portion of a vertical stroke 66 resides in sub-array 
62 and a second portion of the array resides in the adjacent 
sub-array 64. The remainder of the character image is the 
same as shoWn With respect to the character of FIG. 1, With 
the exception of sub-array 66 Which receives a portion of the 
horiZontal stroke 68. In contrast, the character 14 of FIG. 1 
does not extend into sub-array 70, the sixth columnar 
sub-array in pixel array 10. 

Under certain circumstances, the present system must be 
trained for both the situations represented by FIGS. 1 and 6 
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10 
to more completely insure recognition That is; both hash 
address memory combinations contain the character “L”, 
requiring training for the situation shoWn in FIG. 6 as Well 
as other variations thereof. Alternatively, an embodiment of 
the present invention may not be able to detect the presence 
of the vertical stroke because light received by detectors 
may be beloW the triggering threshold. To counter this 
possibility and reduce training requirements, the present 
system combines signals from adjacent sub-arrays to pro 
vide a more positive determination of the presence of a 
character. As shoWn schematically to FIGS. 8, 9, 10 and 11, 
the present invention contemplates a system con?guration 
Where corresponding pixel magnitudes in adjacent sub 
arrays are combined through an “OR” operation to compen 
sate for this fairly common occurrence. 

Referring noW to FIG. 8, there is shoWn schematically, a 
pixel array 72 of the foregoing type in Which signals from 
adjacent sub-arrays are combined on a pixel by pixel basis 
to create a sequence 74 of bits for groups of sub-arrays. In 
FIG. 8, the array 72 is seen to be 9 by 9 in dimension. Three 
adjacent sub-arrays comprise a group, yielding for array 72 
left, center and right vertical stroke groups 76—80 respec 
tively comprised of sub-arrays 82—86, 88—92 and 94—98. 
Sequence 74 is representative of three registers; left, center 
and right strokes. The pixel signals in a group are combined 
such that the pixels in a given group roW are logically OR’d 
to merge slight input variation into a common hash address 
to insure character detection, since it is possible that only 
one of the three adjacent pixels in the array group are 
enabled. It is alternatively possible that any one, tWo or three 
pixels in a group roW could represent the left stroke of a 
character, because of character thickness variations. In all of 
these cases, the same address is generated, greatly reducing 
the number of required training input cases and the thereby 
the training time. 

FIG. 9 illustrates a pixel array 100 in Which the present 
system employs an alternative sub-array con?guration and 
grouping scheme Wherein the sub-arrays are roWs 102—118 
of horiZontal pixels, With three adjacent roWs creating top, 
middle and bottom groups 120—124. Bit sequence 126 is 
constructed as described With respect to FIG. 8 and also 
represents three registers, top, middle and bottom strokes. 
There is no requirement that the sub-array con?guration be 
limited to simply orthogonal orientations of sub-arrays. 
FIGS. 10 and 11 illustrate pixel arrays 128 and 130 Wherein 
the sub-array extend in diagonal directions. Sub-arrays 
132—136 descend diagonally, While sub-arrays 138—142 
ascend a diagonal of array 130. Pixels 144—148 in array 128 
are combined, as above, to yield bit 150 in bit sequence 152. 
Asimilar analysis is performed With the respect to the pixels 
in pixel array 130. The current embodiment also includes 
pixel mergings that respond to large circle, upper circle and 
loWer circle registers. Note that the pixel-to-address hashing 
scheme is no longer 1-to-1 mapping, but is many-to-many. 
This increases the number of mappings beyond the n><m 
factoral limit discussed above, but does not alter the concept 
of intersecting the hypothesis sets returned from hashed 
addresses in respective memories. The principal effect is to 
provide generaliZation in the pixel-to-address hashing func 
tion Which signi?cantly relaxes the training requirements for 
a given recognition performance rate, i.e. feWer input varia 
tions are possible at the hash address level so feWer cases 
need to be vieWed by the camera during training. 
The present invention can also formulate sub-arrays from 

pixels in a random orientation. FIG. 12 is a schematic 
illustration of a pixel array 154 of the foregoing type in 
Which sub-arrays 156, 158 are, indeed, comprised of ran 
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domly selected pixels from the array arranged in an estab 
lished relationship With respect to the other pixels in that 
sub-array. That is, pixels 160, 162 are selected to be the 
leading pixels 164, 166 in sub-arrays 168, 170 and hence, 
the leading bit in a memory address. These sub-arrays are 
consistently con?gured in this manner, a fact Which enables 
the present system to consistently analyZe an image and 
identify a character or ?gure. The requirements here are that 
(1) selected mapping of each pixel from the pixel array into 
a speci?c position in a sub-array and (2) respective memory 
assignments both be maintained betWeen training cycles and 
all future recognition cycles. In this respect the present 
invention exhibits the ?exibility that typi?es certain biologi 
cal systems. The optic nerve mappings from retinal pixels to 
visual cortex has been shoWn to vary signi?cantly in some 
species Without any recognition performance variations. A 
possible explanation is that the signals from receptors ran 
domly located about the retina are processed consistently 
With respect to one another, alloWing for a given signal 
sequence to be repeatedly recogniZed as a certain image. 
Another animal could achieve the same performance With a 
another random mapping. 

Referring noW to FIG. 13 there is shoWn a simpli?ed 
illustration of a target pattern 172 for use in an alignment 
system provided according to the present invention. The 
present invention can be readily extended beyond simple 
alphanumeric character recognition systems, Which are 
either in an organiZed rectangular presentation or are rotated 
or displaced With respect to an initial position, to a more 
complex alignment system useful in robotic vision or target 
identi?cation and manipulation applications. For example, a 
target can have ?xed thereto a pattern, such as the circle of 
FIG. 13. With a robot arm or retrieval mechanism controlled 

by the present alignment system, optical signals correspond 
ing to the target ?gure are processed as detailed hereinabove. 
When the target is properly aligned, the image of the target 
pattern (a circle in the present example) Will be read by the 
present system as undistorted as compared to a direct frontal 
vieW. Should the target be rotationally misaligned (e.g., 
about a pitch axis 174) a select amount, an ellipse 176 of a 
certain siZe is vieWed by the present alignment system. The 
distorted image characteriZed in FIGS. 14 and 15 by fore 
shortening in the direction of rotation, Will yield a unique set 
of hash addresses for the memories. These neW memory 
locations Will contain pitch rotation angle that must be 
removed to achieve proper alignment. The process is sub 
sequently repeated as needed. Similarly, FIG. 15 contains an 
elliptical image 178 of the circle of FIG. 13 Which has been 
rotated about a roll axis 180. The elliptical images of FIGS. 
14 and 15 are someWhat enlarged for illustrative purposes. 
The present alignment system can readily resolve all non 
orthogonal misalignments using the above technique. 

Of course, a critical feature of any alignment system is its 
accuracy. The accuracy of the present system is not limited 
by the present invention, but is bounded only by the param 
eters of the associated sensor’s pixel array. In general, the 
best possible angular accuracy Will be the arc-tangent of the 
ratio of 1 pixel to the total number of pixels along the object 
in a given direction. As an example, if the surface containing 
line 181 is parallel to the camera’s focal plane, and is tilted 
in pitch from the vertical as detailed above, the line Will 
appear shorter to the camera. The smallest increment of 
change that can be detected is one pixel, ie the line must 
decrease in length by at least 1 pixel count before the change 
can be detected. The longer the line, the more accurate the 
angular measure. A change of 1 pixel in a length of 100 
pixels represents a smaller angle than a change of 1 pixel in 
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12 
10. The former case represents approximately 0.5 degrees of 
tilt, and the latter represents 5.7 degrees of tilt. Rotation 
accuracies about roll axis 181 are very similar, as described 
With respect to FIGS. 13—15. 

The above accuracy examples assume that only one end 
of the imaged line is modi?ed by the change in length 
requiring the center of rotation to be located at the non 
changing end of the line. If the rotation center is at the 
middle of the line as assumed in FIG. 14, then both ends of 
the line experience asymmetric pixel position changes. Ver 
tical or pitch tilt shortens both ends of the line, and the 
clockWise rotation moves the top of the line 1 pixel to the 
right, While the bottom of the line moves 1 pixel to the left. 
Therefore, only one half of the maximum line length should 
be used in accuracy estimates. 

In general, if the rotation is about the centroid of the 
object or line, then only half of the line length is used in the 
accuracy calculation. A default convention for estimating 
accuracy is to assume that the rotation center is located at the 
centroid of the object or line, meaning that only half of the 
objects length in any direction is used in the arc-tan accuracy 
calculation. Other conventions may be equivalently adopted, 
depending on the application. 
As noted above, accuracy is enhanced by maximiZing the 

number of pixels in the focal plane, While minimiZing each 
pixel’s siZe. This could also be thought of as maximiZing the 
density (pixels per unit area) of the focal plane. Thus, 
accuracy is limited by the state-of-the-art in sensor focal 
plane technology. Despite the criticality of focal plane pixel 
densities, split ?eld-of-vieW optics can, for some 
applications, push beyond the above accuracy limits. For 
instance, in the above example, instead of vieWing the entire 
length of the line on the planar surface, split optics can be 
used to merely observe the ends of the line. NoW, a focal 
plane With only 500 pixels vertically might vieW both ends 
of a line that is actually 1000 pixels long. Achange in length 
of 1 pixel Would noW represent a ratio of 1 in 1000, even 
though the focal plane Was limited to a ratio of 1 in 500. 
Assuming that the rotation Was at the centroid of the line this 
split optics system Would achieve an accuracy of 8 minutes 
of arc, i.e., the arc-tan of 1 over 500. 

The split optics embodiment actually trades off dynamic 
range for accuracy. Without split optics, the line Would not 
shorten to Zero length until the plane Was vertically tilted by 
90 degrees. With split optics, the middle of the vertical 
straight line is not vieWed by the focal plane, therefore as 
vertical tilt is applied, about the center of the line, the line 
Will disappear at a tilt of 45 degrees. Thus, accuracy is 
doubled by hal?ng the dynamic range from 90 degrees to 45 
degrees. If an application needs full dynamic range, as Well 
as the increased accuracy, then a dual system of coarse and 
?ne optics could be used. The coarse system Would provide 
full dynamic range at reduced resolution, and the ?ne system 
Would provide the desired resolution in a critical alignment 
sub-range of the full dynamic range. In the general case, split 
optics could be applied in more than one direction. 

The vertical planar surface can be optically split both 
horiZontally and vertically. Consider an astronautical appli 
cation Which requires that a large ?at panel be maintained in 
correct alignment With respect to a satellite or space station. 
A camera could be mounted on the space station With its 
optical axis perpendicular to the centroid of the ?at panel. 
Each corner of the panel contains a calibration pattern, 
possibly a circle or a solid square Which images to a 3x3 
pixel array. The tWo dimensional split optics Would map the 
four corners of the panel into the four quadrants of the focal 
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plane. The central cross shaped pattern on the panel, created 
by removing the four corner calibration patterns, Would not 
be mapped to the focal plane. Using the present invention, 
vertical tilt (pitch), horiZontal tilt (yaW), rotation (roll), 
vertical displacement, horiZontal displacement, and range 
(i.e. distance of the panel’s centroid from the camera) can be 
obtained. 

In a further embodiment of the present invention, a 
three-dimensional object 182 as shoWn in FIG. 16 can be 
imaged in a preferred position, as Well as in a plurality of 
positions rotated about roll, pitch and yaW axes 184—188. 
The object can contain additional reference patterns such as 
circles 190—194 Which appear as ellipses in FIG. 16. A tWo 
dimensional image silhouette of the three dimensional object 
can often serve as the reference pattern. When the object is 
rotated about each axis, a unique image is generated. Each 
image is processed as above, With different positions stored 
in selected memory addresses. Similarly, an object can be 
displaced along orthogonal displacement axes. As With 
respect to the alignment system illustrated With respect to 
FIGS. 13—15, combinations of rotational displacement as 
Well as linear displacement can be readily determined by 
previously “training” the memories pointed to by the hash 
addresses. 

The present invention is unique in several important 
aspects. It enables a single monocular camera to recogniZe 
the orientation of an object in a three dimensional space and 
thereby provide all data needed for the object’s correct 
alignment. As an example, consider a robot arm that has 
been tasked to install an elongated pole-like object into a 
mounting hole on a planar surface. First, the camera vieWs 
the planar surface and senses it’s orientation in terms of 
pitch, roll, yaW, vertical displacement, horiZontal 
displacement, and distance from the camera. Next, the 
camera vieWs the end of the object in the grasp of the robot 
and senses the same set of position metrics. Movement 
signals are then passed to the robot arm that brings the tWo 
sets of metrics into proper correspondence, i.e. causing the 
part to become properly seated in the planar surface. 
As the robot moves the part, the camera continues to track 

its position, modifying, if necessary, the instructions to the 
robot This example assumes that the planar surface is 
stationary, With respect to the camera’s coordinate system, 
and therefore that it only needs to be vieWed once. HoWever, 
if the planar surface Was also in motion, then its position 
could be sensed, alternately With the position of the robot 
held part, before providing adjustments to the robot’s posi 
tioning instructions. 

This class of robotic problem is both Well knoWn and 
typical of robotic assembly tasks. Techniques for such tasks 
have been under development, by computer vision and scene 
analysis researchers, for many decades. Among the present 
invention’s attributes as compared to the prior art are the 
speed and simplicity of it’s approach, as the present system 
can easily senses the object’s orientation parameters, for 
example, once per image frame, at a frame rate of 60 frames 
per second. This is possible because of the very loW com 
putation requirements of the present invention. 

FIG. 17 is an illustration of a target pattern imaged by yet 
another alternative embodiment of the present invention 
used as a range ?nding device. In FIG. 17 there is illustrated 
a series of geometric patterns 196—200 (circles) located on 
the target. Each pattern corresponds to that recorded by a 
camera at a ?xed distance from the target. The present 
invention simply converts the pixel signals for that image 
into hashing addresses that select memory locations con 
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taining signals indicative of the correct distance to the target. 
Alternatively, if the circle Were a balloon at a ?xed distance, 
the memories could return signals corresponding to the 
pressure Within the balloon. 
When the object is centered in a camera’s ?led of vieW, 

the resultant pixel hash registers in the embodiment of FIG. 
17 Will each point to a memory Word that contains the 
distance to the centroid of the object. The contents of all of 
the hash memory locations are intersected, as above, to 
return the correct value. The changes in hash address are a 
function of distance rather than, for example, rotation angle. 
A distance variable is stored in the hash memory registers. 
A binary coded set can be used to store this distance 

variable, With the most signi?cant bit (MSB) having a 
Weight equal to half of the required dynamic range and the 
least signi?cant bit (LSB) having a Weight equal to the 
required accuracy. The dynamic range of the system is not 
necessarily the distance to the object. That is; the object may 
be 50 feet from the camera, but only move betWeen 49 and 
51 feet. For this example, the MSB can be 1 foot. The LSB 
is limited by the pixel resolution of the camera. For any 
given magni?cation and range, a single pixel change in 
length Will equate to the smallest depth change that can be 
detected by the system. While the LSB need not match this 
value, it should be smaller than this value. This limit is given 
by: 

Ad : dldgAs 

f5 

Where Ad = depth change 

d1 = 1st depth 

= d; — d1 = Ad 

012 = 2nd depth 

f = focal length 

5 = real object size 

A5 = smallest detectable change for 

imaged object, i.e., pixel Width 

For the above example at 50 feet, the MSB Would 
represent 1 foot, the 2nd bit 6 inches, the 3rd bit 3 inches, 
the 4th bit 1.5 inches, and the 5th bit 0.75 inches. If the 5th 
bit Was the LSB, then this 5 bit representation could resolve 
any distance from 49 to 51 feet to an accuracy of 3A1 of an 
inch. 

In the embodiment of FIG. 17 it is presumed that the 
object being vieWed is a sphere and, therefore, pitch, roll and 
yaW have no effect. For other shapes, hoWever, many aspects 
of the present invention can be combined. For example, the 
memory addresses may simply have four trained binary 
variables; pitch, roll, yaW and depth. During training all of 
these values are stored for each object position and during 
recognition these values are read from memory. A sphere 
reduces training combinatorics and isolates the depth related 
error analysis. Also, for training a sphere can be placed at 
various distances. With a combination of selected embodi 
ments of the present invention, the centroid of the object can 
be determined and the camera then centered thereabout. 
Camera to object distance is then stored in hash memory 
locations. For recognition, spheres can be placed at random 
distances Within the trained range and hash depth values are 
then readout quickly Without complex computations. 

FIG. 18 is a simpli?ed schematic illustration of a char 
acter recognition system 201 of the type described herein 
above With respect to FIG. 1. A camera 202 receives optical 
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signals from a substrate 203 having the overall pattern of 
interest thereon. The camera can be inherently digital, such 
as a CCD device or equivalently, an analog device coupled 
to a analog to digital converter can be used as indicated 
schematically by pre-processor 204. A sequence of signals 
con?gured in a signal array of the type detailed above, 
including signals denoting the overall pattern are con?gured 
into a plurality of signal sub-arrays, each of the signal 
sub-arrays having a digital pattern corresponding to a por 
tion of the overall pattern. A hashing mechanism 206 maps 
each of the signal sub-array digital patterns With an associ 
ated memory 208—212 each containing a set of possible 
solutions. The outputs from the memories are signals on 
lines 214 indicative of the several stored signal sequences 
(multiple hypothesis set) corresponding to multiple sub 
array digital patterns. The mechanism 216 combines the 
signals indicative of each memory’s hypothesis set to gen 
erate signals on line 218 indicative of the solution set for an 
overall pattern. The solution set may be empty, contain a 
single member or in certain applications, more than one 
member Whichever is unanimously indicated by the combi 
nation of all of the identi?ed memory signals. Output 
circuitry 219 is employed for appropriate post recognition 
data reformatting as necessary for the speci?c application 
environment. The binary set representation vector could be 
the output, Which requires no processing, or the characters 
might be converted to ASCII or other symbol codes. All of 
the above actions are governed by signals from controller 
220. Training circuitry 22 is employed to control the set 
union of the existing memory values With the desired 
symbolic name for the current imaged input. 

The above system has been described generally, but those 
skilled in the art Will note that the system hardWare and 
circuitry is all of a knoWn type marketed by a variety of 
computer and digital signal processor vendors. The signal 
processing requirements of the present invention are so 
simple that an Intel 386 brand processor may be employed. 
An embodiment of the present invention as set forth above 
is capable of generating output signals indicative of the 
rotation angle of an object Without any special hardWare in 
less than 1 second. Determining vertical tilt and horiZontal 
tilt, in addition to rotation, hoWever, Will not triple the 
present system’s response time. In fact, the only time 
increase Will be the time needed to read-out the additional 
characters at the input/output (I/O) data rates. In fact, all of 
the above parameters can be obtained With only a negligible 
increase over the time needed to yield the rotation data. 
Akey point of departure of the present invention over the 

prior art is the elimination of numerous computations during 
each operation. Regardless of the speci?c application, char 
acter recognition, range ?nder or the like, the present system 
avoids the feature extraction, analysis and correlation com 
putations normally linked With segment association for 
characters, distance computations for range ?nders and 
centroid calculations for robotic vision, etc. As a result the 
speed of the present system is vastly improved over corre 
sponding prior art devices and the cost of the present system 
is dramatically reduced since the hardWare requirements are 
simpli?ed. 

While all of the “pixel hashing” presentation, heretofore, 
has dealt With binary data in a single image frame, the 
present invention also can be extended to gray level, color, 
or temporal frame sequences. 

For data With n bits of gray level de?nition, the single 
binary (black and White) plane is replaced With n binary 
planes. For 256 shades of gray (in equals 8), 8 bit planes are 
used to capture the most signi?cant to the least signi?cant bit 
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of the digitiZed pixel values. Each of these planes is still 
binary and is therefore partitioned and “hashed” as described 
herein. The number of memory banks and registers increases 
by a factor of 8, but is still quite reasonable. For color, the 
replication is increased by another factor of 3. With 256 gray 
levels, the set intersection (or summation) operations for 
recognition and the set union (or load) operations for train 
ing are also increased by a factor of 8. In other respects, 
hoWever, the training and recognition processes are essen 
tially equivalent to those described above. 

For temporal data, Which is normally represented as a 
sequence of frames, the same replication of the above 
described “pixel hashing” techniques is applied across 2 or 
more frames. The set intersections or summations occur 
across multiple frames distributed in time. For example, 
such embodiments enable an imaged object’s velocity rela 
tive to the camera ?eld of vieW to be stored in and read out 
from the “pixel hashed” memory locations. The “pixel 
hashing” is either applied to the results of frame-to-frame 
subtraction or applied directly to the multiple frames, 
depending on the requirements of the speci?c application. 
The enabling “pixel hashing” technologies are those pro 
cesses described herein. 

The present invention also anticipates embodiments in 
Which one or more characters are presented to the system 
simultaneously. In certain applications such as those using 
robotic vision or in assembly line quality control, the system 
may vieW a conveyor belt Which contains a plurality of 
objects. Should a pencil lie on top of a hammer, knoWn 
systems Would not recogniZe the image to be of tWo distinct 
objects for Which the system has already been trained. 
Similarly, in character recognition applications Where adja 
cent characters touch due to imperfections in the print, the 
prior art is not easily capable of recogniZing the composite 
image formed by the tWo characters. Rather, knoWn systems 
vieW the composite image as a neW character or, 
alternatively, one Which the system does not recogniZe. 
A system as described above is quite capable of recog 

niZing individual objects as they are presented in sequence. 
HoWever, should more than one object be in the camera’s 
vieW or should one of the objects be placed one on top of the 
other and thereby occlude the system camera’s vieW of one 
object, the plurality of pixel patterns Will no longer corre 
spond to pre-trained values for the individual objects. FIG. 
19 is a diagrammatic illustration of a scene 224 vieWed by 
a camera used in an alternative embodiment of the present 
invention having both a horn 226 and a light bulb 228. In 
FIG. 20, the light bulb is rotated With respect to its position 
of FIG. 19, While the horn partially blocks the camera’s vieW 
of the bulb in FIG. 21. 

The present system can be readily extended to one Which 
performs internal training. That is; the system is con?gured 
to create “synthetic images” in Which the system “imagines” 
What it is that could be seen. These synthetic images are 
combinations of the images Which the present system has 
already been trained to recogniZe. Ocduded images of one or 
more of the previously trained objects or characters are 
readily discerned by the present invention as above since the 
data is binary, that is the pixels are either on or off. As such, 
the system only vieWs pro?les of the different objects. 
Recognition is also possible if “fused” training is provided. 
As detailed hereinabove, pixel hashing as provided by the 

present system divides a pixel array into a set of binary 
registers. Each register has its oWn memory. A binary 
number in each register is an address Which points to a single 
location in each memory. Each memory location points to a 


















